Arsenic trioxide (As 2 O 3 ), an effective drug for the treatment of acute promyelocytic leukemia (APL), can induce apoptosis and partial differentiation in APL cells in vitro and in vivo. However, As 2 O 3 also induces apoptosis in cancer cells other than APL with complex mechanisms, which seem to be cell type dependent. In this study, we report that APL cells (NB4 cell line) are arrested at early mitotic phase before the collapse of mitochondrial transmembrane potential (Du m ) and apoptosis after treatment with pharmacological concentrations (1.0-2.0 lM) of As 2 O 3 . We have also made the following new discoveries: (1) 0.5 lM As 2 O 3 that fails to induce apoptosis has no effects on cell cycle distribution. (2) With inhibition of As 2 O 3 -induced Du m collapse and apoptosis, dithiothreitol also effectively inhibits As 2 O 3 -induced mitotic arrest, suggesting that both As 2 O 3 -induced apoptosis and mitotic arrest involve proteins with thiol groups. (3) 1.5 mM caffeine that relieves cells from G 2 /M arrest also inhibits As 2 O 3 -induced Du m collapse and apoptosis, (4) 1.0 lM As 2 O 3 increases the expression of both cyclin B 1 and hCDC20 whereas it inhibits Tyr15 phosphorylation of p34 cdc2 . In conclusion, our results strongly support that there is a tight link between As 2 O 3 -induced apoptosis and mitotic arrest, the latter being one of common mechanisms for As 2 O 3 -induced apoptosis in cancer cells.
Introduction
Acute promyelocytic leukemia (APL), a particular subtype of acute myeloid leukemia, has been fascinating researchers both within and outside the hematological field due primarily to two unique features. First, almost all APL patients carry specific chromosome translocations that involve the retinoic acid receptor alpha (RARa) gene at chromosome 17. 1 For instance, over 95% of APL patients contain translocation t (15;17) , which leads to fusion between RARa gene (chromosome 17) and PML gene (chromosome 15) and the expression of leukemia-causing PML-RARa fusion protein, [1] [2] [3] especially when the antiapoptotic gene bcl-2 is also overexpressed. 4 Secondly, most APL patients can get complete clinical remission by oral intake of all-trans retinoic acid (ATRA), a differentiation-inducing agent. 5, 6 Recent experiences show that ATRA combined with chemotherapy make APL patients curable. 7 Recently, arsenic trioxide (As 2 O 3 ) has been successfully added to therapeutic strategies for APL, especially for those resistant to ATRA. [8] [9] [10] However, mechanisms of action of As 2 O 3 remain to be elucidated. Our previous in vitro studies had shown that As 2 O 3 exerts a dual dose-dependent effect on APL cells, namely, inducing partial differentiation at low concentrations (0.1-0.5 mM) and triggering apoptosis at high concentrations (1.0-2.0 mM). 11 However, As 2 O 3 -induced apoptosis is not restricted to APL cells. A myriad of facts show that As 2 O 3 can also induce apoptosis in some solid tumor cells and leukemia cells other than APL. [12] [13] [14] Further evidences suggest that mechanisms of As 2 O 3 -induced apoptosis are very complicated. Besides mitochondrial transmembrane potential (Dj m ) collapse and caspase-3 activation, [12] [13] [14] [15] [16] many additional cellular processes, such as the activation of c-Jun NH 2 -terminal kinases 17 and increased p53 protein, 18 also contribute to the induction of cell death by As 2 O 3 . The activation of particular cellular processes by As 2 O 3 appears to be dependent upon drug concentrations, cell types or cellular environment. Park et al 19 recently revealed that As 2 O 3 induces G 2 /M arrest in promonocytic leukemic cells U937 and this arrest is inhibited by pretreatment with the DNA polymerase inhibitor aphidicolin. Ling et al 20 also report that As 2 O 3 causes a time-dependent accumulation of cells in the G 2 /M phase and promotes tubulin polymerization without affecting GTP binding to -tubulin in human tumor cell lines, although it is worth noting that nonpharmacological concentrations (5-14 mM) are used. However, no successful clinical practice has been reported for As 2 O 3 in the treatment of these cancers. Therefore, addressing whether As 2 O 3 induces G 2 /M arrest in NB4 cells will help us further understand the mechanism of this drug in the treatment of APL and explore its clinical potentials in the treatment of other malignancies.
Here we report that following the treatment of As 2 O 3 at 1-2 mM, most NB4 cells were significantly and rapidly arrested at mitotic phase before Dj m collapse and apoptosis. More interestingly, dithiothreitol (DTT), which inhibited As 2 O 3 -induced apoptosis and Dj m collapse, could inhibit As 2 O 3 -induced mitotic arrest. On the other hand, 1.5 mM caffeine, capable of relieving cells from G 2 /M arrest, could effectively inhibit As 2 O 3 -induced Dj m collapse and apoptosis. In addition, As 2 O 3 affects the expression or activities of proteins involved in G 2 /M transition and spindle checkpoint control. Our results indicate that mitotic arrest is a common mechanism for As 2 O 3 -induced apoptosis in most cancer cells.
Materials and Methods

Reagents
As 2 O 3 , DTT and caffeine were purchased from Sigma Chemical Company (St Louis, MO, USA). As 2 O 3 was first dissolved in small amounts of 1.0 N NaOH and then diluted to 5.0 mM with phosphate-buffered saline (PBS) as a stock solution. DTT and caffeine were dissolved in acetate sodium and PBS at 10 mM and 100 mM, respectively.
Cell culture and morphology
NB4 cells were cultured in RPMI-1640 supplemented with 10% fetal calf serum (Gibco BRL, Gaithersburg, MD, USA), glutamine and antibiotics (100 IU/ml penicillin and 100 mg/ml streptomycin) in a humidified atmosphere of 95% air/5% CO 2 at 371C. To avoid possible effects of cell density on cell growth and survival, cells were maintained at less than 5 Â 10 5 cells/ml with daily adjusting cell density through the addition of fresh medium and corresponding concentrations of compounds. Morphology was determined with Wright's staining of cells that were centrifuged onto slides via cytospin (Shandon, Runcorn, UK).
Cell cycle analysis
Cells were collected, rinsed and fixed overnight in 70% cold ethanol. Then, cells were rinsed with PBS, treated with Tris-HCl buffer (pH 7.4) supplemented with 1% RNase and stained with 50 mg/ml propidium iodide (PI, Sigma). Cell cycle distribution was determined by flow cytometry (Beckman Coulter, Miami, FL, USA). All data were collected, stored and analyzed by Multicycle software (Beckman Coulter).
Mitochondrial transmembrane potentials (Dj m ) assay
About 10 6 cells were collected and rinsed with PBS, then incubated (371C, 30 mins) with 10 mg/ml rhodamine 123 (Rh123, Sigma), a cationic lipophilic fluorescent dye that is taken in by mitochondria. The cellular fluorescent intensity of Rh123 is positively related to Dj m . Subsequently, cells were washed with PBS and stained with 50 mg/ml PI. Fluorescent intensities were determined on flow cytometry (Beckman Coulter). All data were collected, stored and analyzed.
Annexin-V analysis
Annexin-V assay was performed according to instructions provided in the ApoAlert Annexin-V kit (Clontech, Palo Alto, CA, USA). Briefly, 5 Â 10 5 cells were harvested and washed with a binding buffer provided in the kit. Then, cells were incubated with 5 ml annexin-V and 10 ml PI at room temperature in the dark for 10 min. Fluorescent intensities were determined on a flow cytometer (Beckman Coulter).
Double staining of cyclin B1 and DNA
Double staining of cyclin B1 and DNA was performed as described 21 . Briefly, about 10 6 cells were collected and washed twice with PBS. Cells were fixed in 70% ice-cold ethanol at À201C overnight. Subsequently, cells were rinsed with PBS twice and treated with 0.25% Triton for 5 min at room temperature. Then cells were rinsed with PBS and incubated at 41C in the presence of the mouse monoclonal antibody to human cyclin B1 (PharMingen, San Diego, CA, USA), which was diluted to 1:100 in PBS containing 1% bovine serum albumin. Next, cells were washed and incubated in the dark with fluorescein isothiocyanate (FITC)-conjugated goat antimouse IgG antibody (PharMingen) diluted to 1:40 in PBS containing 1% bovine serum albumin for 30 min. After being washed once, cells were treated with Tris-HCl buffer (pH 7.4) supplemented with 1% RNase and stained with 50 mg/ml PI. Cells were then analyzed by flow cytometry (Beckman Coulter).
Western blot analysis
NB4 cells treated with or without As 2 O 3 were lysed and equal amounts (20 mg) of total proteins were loaded onto 8-12% SDS-PAGE gel, and transferred onto a nitrocellulose membrane by an electroblotting machine. The blots were stained with 0.2% Ponceau S red to ensure equal protein loading, blocked with 5% defatted milk powder, and probed with anti-cyclinB1, antiWee1, anti-p53, anti-hCDC20, anti-cyclin A (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p34 cdc2 , anticdc25B, anti-cdc25C (Oncogene, Cambridge, MA, USA), antip34 cdc2 phospho-Tyr15 (Cell Signaling, Beverly, MA, USA), anti-Plk3 and anti-BubR1 antibodies. Immunocomplexes were visualized by chemiluminescence (ECL kit, Amersham, Buckinghamshire, UK).
Results
As 2 O 3 -induced mitotic arrest in NB4 cells before induction of Du m collapse and apoptosis
When NB4 cells were treated with 1.0-2.0 mM As 2 O 3 for 16-24 h, cells remained viable and few apoptotic cells could be detected. On the other hand, an increased number of cells were apparently accumulated in G 2 /M phase with a concomitant decrease in G 1 -phased cells as revealed by the histogramic analysis of DNA content (Figure 1a) . Microscopic examination revealed that most cells treated with 1.0-2.0 mM As 2 O 3 morphologically resembled early mitotic ones (prophase and prometaphase) and that these cells were not frequently observed in the untreated cells (Figure 1b) . However, early mitotic arrest could not be detected in NB4 cells treated with 0.5 mM As 2 O 3, the concentration of which also failed to induce apoptosis (Figure 1a) . It was noted that the increase of mitotic cells was temporary. The percentage of these cells decreased gradually to the same level as that of untreated cells after treatment with 2.0 mM for 24 h As 2 O 3 or after treatment with 1.0 mM As 2 O 3 for 16 hours (Figure 1c ), whereas cells with Dj m collapse as well as other apoptotic features gradually increased. The observed apoptotic cell death was confirmed by Rh123 staining and analysis of DNA content (sub-G 1 cells) and annexin-V (Figure 2a) . In a word, NB4 cells were arrested at the mitotic stage about 24 h before Dj m collapse and initiation of apoptosis upon treatment with As 2 O 3 .
DTT inhibited As 2 O 3 -induced mitotic arrest in NB4 cells
We previously showed that 0.2 mM DTT can block As 2 O 3 -induced Dj m collapse, caspase-3 activation and apoptosis in NB4 cells and malignant lymphocytes and that buthionine sulfoximine substantially enhances these effects. 12, 15 More interestingly, 0.2 mM DTT could also completely block As 2 O 3 -induced mitotic arrest (Figures 1a and 2b) , indicating a strong link between As 2 O 3 -induced mitotic arrest and apoptosis, both of which are associated with important proteins containing thiol groups.
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Caffeine inhibited As 2 O 3 -induced mitotic arrest, Dj m collapse and apoptosis
To further confirm that As 2 O 3 -induced mitotic arrest might be essential for induction of apoptosis, we used some compounds interfering with mitosis to see whether As 2 O 3 -induced mitotic arrest in NB4 cells could be perturbed. Although caffeine has multiple effects on cell physiology, it was widely used to specifically relieve cells from early mitotic arrest. 22 Indeed, treatment with 1.5 mM caffeine alone only slightly reduced the percentage of mitotic cells and did not induce apoptosis in NB4 cells, but it almost completely blocked As 2 O 3 -induced mitotic arrest according to cell cycle analysis and morphological observations ( Figure 3 and data not shown). Correspondingly, caffeine also inhibited As 2 O 3 -induced Dj m collapse and apoptosis, which was confirmed by detection of Rh123 Cyclin B1 and hCDC20 were upregulated while Tyr15 phosphorylation of p34 cdc2 was decreased upon treatment with 1.0 mM As 2 O 3
To gain insights into the molecular mechanism of As 2 O 3 -induced mitotic arrest, several important proteins involved in controlling G 2 /M transition and spindle checkpoint activation were analyzed. The results showed that 1.0 mM As 2 O 3 did not remarkably affect the expression of most cell cycle-related proteins including cdc25B, cdc25C, p53, BubR1 and Plk3 as well as Wee1 and cyclin A (Figure 5a , left panels and data not shown). However, 1.0 mM As 2 O 3 greatly inhibited the Tyr15 phosphorylation of p34 cdc2 after 16 h treatment, although it also slightly and temporarily increased p34 cdc2 . In addition, the steady-state levels of cyclin B1 and hCDC20 increased 8 h and 16 h after As 2 O 3 treatment (Figure 5a, right panels) . We also double-stained NB4 cells with cyclin B1 and PI, in which PI was used to analyze cell cycle distribution while the anti-cyclin B1 Arsenic-induced mitotic and apoptosis X Cai et al labeled with FITC fluorescent was used to determine cyclin B1 protein levels. As shown in Figure 5b , treatment with 1.0 mM As 2 O 3 for 16 h significantly increased cyclin B1 protein in NB4 cells with 4 N contents, which was completely inhibited by cotreatment with 1.5 mM caffeine.
Discussion
In this paper, we have shown that treatment of APL cells with As 2 O 3 at concentrations of 1.0 and 2.0 mM can induce early mitotic arrest and that the arrest peaks around 24 h posttreatment, which is much earlier than apoptosis induced by the same chemical. The mitotic arrest has been confirmed by microscopic examination of stained cells as well as by analysis of the activation status of p34 cdc2 and spindle checkpoint component hCDC20. Moreover, 0.5 mM As 2 O 3 that fails to induce apoptosis has no effects on the cell cycle distribution. We have also demonstrated that DTT can effectively inhibit As 2 O 3 -induced mitotic arrest and subsequent apoptosis. Furthermore, caffeine, an agent capable of antagonizing As 2 O 3 -induced G 2 /M arrest, also blocked As 2 O 3 -induced Dj m collapse and apoptosis. Based on these observations as well as those reported by others, 21, 22 we propose that mitotic arrest is a common mechanism for As 2 O 3 -induced apoptosis in most cancer cells. 
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On the other hand, it is known that the spindle checkpoint pathway prevents anaphase onset by inhibition of anaphasepromoting complex (APC) until kinetochores of all condensed chromosomes have captured bipolar spindle microtubules. 23 Recent reports show that BubR1 and BUB3 block APC by binding to hCDC20. 24 Although no apparent effects on BubR1 expression are detected, As 2 O 3 significantly upregulates hCDC20 expression. It is known that hCDC20 is cell cycle regulated with its level peaking during the M phase. Therefore, the upregulation of hCDC20 is consistent with the observation that As 2 O 3 induces mitotic arrest. It is established that reversible protein phosphorylation is an important regulatory mechanism in the control of cell cycle progression. Central to this regulation are the cyclin-dependent kinases (CDKs) and their activating partners -cyclins. 25 The mitotic CDK complex mainly consists of a p34
Cdc2 catalytic subunit and a cyclin B regulatory subunit. A critical event in the regulation of p34
Cdc2 /cyclin B involves p34
Cdc2 dephosphorylation by cdc25C. Whereas cyclin B1 is essential for p34 cdc2 to promote cells to enter the M phase, dephosphorylation of phosphorylated residues (Thr14 and Tyr15) of p34 cdc2 is necessary for its activation. 26 We have observed that many mitosis-modulated proteins that have been examined exhibit no significant changes in their protein levels. On the other hand, cyclin B1 was significantly upregulated while Tyr15 phosphorylation of p34
Cdc2 was downregulated at the early stage after treatment with 1 mM As 2 O 3 . Obviously, increased p34
Cdc2 activities because of persistently high levels of cyclin B1 and reduced Tyr15 phosphorylation would drive cells to enter the M phase. Moreover, cells would not exit from mitosis because cyclin B degradation is required for cells to enter G 1 . It remains unclear as to how As 2 O 3 reduces Tyr15 phosphorylation of p34
Cdc2 as well as increases cyclin B1 expression. It would be interesting to test whether cdc25C activity is modulated by As 2 O 3 , although cdc25 protein levels are not changed after treatment.
